A Facile Route to Polymer Solar Cells with Optimum Morphology Readily Applicable to a Roll-to-Roll Process without Sacrifi cing High Device Performance
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Photovoltaic cells are being developed as a promising solution to the energy crisis and environmental pollution. [ 1 ] Among these, bulk heterojunction (BHJ) polymer photovoltaics have shown strong potential for the production of low-cost, easily processible, and fl exible solar cells with acceptable effi ciencies. [2] [3] [4] [5] [6] [7] As an example, BHJ polymer solar cells can be fabricated by a continuous solution-based roll-to-roll process, as recently demonstrated. [8] [9] [10] Polymer BHJ structures, which have been exploited to give the highest effi ciencies for polymer photovoltaic (PV) cells, are composed of interpenetrating nanoscale networks of electron donors (e.g., conjugated polymers) and electron acceptors (e.g., soluble fullerene derivatives) with domain sizes on the order of the exciton diffusion length and with large interfacial areas between the domains. [3] [4] [5] [6] [7] Such networks can facilitate effi cient dissociation of photo-induced excitons at the domain interface. This advantage has made this approach a good candidate for high-effi ciency polymer solar cells. However, randomly distributed blend morphologies in BHJ structures inevitably require external treatment to form effective pathways in order for the photogenerated charges to reach each electrode. Accordingly, optimizing the blend morphology to provide effective charge pathways, as well as large interfacial areas, is one of the most crucial issues in the achievement of high effi ciency polymer solar cells using BHJ structures.
For this purpose, a number of works, based on poly(3-hexylthiophene): [6, 6] -phenyl-C 61 -butyric acid methyl ester (P3HT:PCBM) as a model system, have reported ways to optimize the BHJ blend morphology. Thermal annealing (TA) and solvent-assisted annealing (SAA) treatments after spincasting the blend fi lm have become widely accepted as general approaches to control the blend morphology for high-effi ciency polymer solar cells, because well-organized interpenetrating networks composed of highly crystallized components can be achieved. [ 5 , 6 , 11 ] However, recent works that investigated phase separation of components in the vertical direction (i.e. , normal to the fi lm and electrode surface) revealed that the BHJ structures fabricated by these methods do not have an optimized morphology: a non-uniform vertical distribution has been observed, with the P3HT phase dominant near the cathode and the PCBM phase dominant near the anode. [12] [13] [14] [15] Such a nonuniform distribution is opposed to the ideal solar cell structure, which requires a donor-rich phase near the anode and an acceptor-rich phase near the cathode; such a structure is therefore unfavorable for charge transport to the electrodes. In addition, both annealing processes require relatively long processing times (tens of minutes for TA [ 5 ] or a few hours for SAA [ 6 ] ), and spin-casting deposition can only be applied to small and rigid substrates, making these approaches unsuitable for large areas and hence the mass production of polymer solar cells. Even though high-speed fabrication processes on fl exible substrates have been reported, the performances of the resulting devices still cannot compare to those of polymer solar cells based on spin-casting followed by post-treatments. [8] [9] [10] This is because the traditional high-speed roll-to-roll coating method may not provide a suffi cient annealing time for crystallization and hence results in lower device effi ciency. [8] [9] [10] Here, we introduce a novel route that allows e vaporation of s olvent through s urface enc apsulation and i nduced al ignment (ESSENCIAL) of polymer chains by applied pressure. The essence of this approach is to utilize a gas-permeable cover layer for solvent evaporation that simultaneously protects the otherwise free surface and induces shear fl ow of the blend solution by an applied pressure. The process leads to an optimized morphology and more uniform distribution and crystallinity of the components, which is favorable for charge generation and transportation and cannot be achieved by conventional TA and SAA methods. Comparisons between structures fabricated by different methods were made by measuring quantum efficiency, absorbance, X-ray photoelectron spectroscopy (XPS), and hole-and electron-mobilities. Furthermore, the effect of domain features of the components on effi cient exciton dissociation was studied using atomic force microscopy (AFM) and photoluminescence (PL). The power conversion effi ciency was obtained by charge density-voltage ( J -V ) measurements based on an isolated cathode geometry in order not to overestimate the effi ciency, as has commonly occurred in devices previously reported using cross-bar electrode geometry. [ 16 , 17 ] Our results revealed that this new ESSENCIAL method not only induces much more uniformly distributed interpenetrating continuous pathways having fi ner nanodomains with high crystallinity, but also is applicable to high-speed dynamic processes, as ultimately demonstrated in a roll-to-roll process preserving high device performances. indispensable to this processing; this will be further explained later with roll-to-roll application. The thickness of the active layer can be controlled by adjusting the solution concentration and the applied pressure, and the evaporation and solidifi cation time can be reduced to a few seconds by controlling the applied pressure. Detailed information on processing conditions is explained in the Experimental Section.
Firstly, the effects of different processing methods on the crystallinity of the conjugate polymer were investigated by absorbance spectroscopy. The chain ordering of the conjugate The ESSENCIAL process is depicted in Figure 1a . P3HT:PCBM blends were used as a model system, and the blend solution was placed on a transparent anode substrate and capped with a gas-permeable silicone fi lm, to which pressure was applied. The induced shear fl ow helped align the polymer chains while the solvent evaporated through the silicone fi lm. The solidifi ed blend layer remained on the substrate after removal of the silicone fi lm. Interestingly, a poly(3,4-ethylenedi oxythiophene):poly(styrenesulfonate) (PEDOT:PSS) layer, widely used on top of transparent anodes in organic PVs, was not Figure 1 . a) Schematic of the ESSENCIAL process for fabricating polymer solar cells: a1) applying blend solution (PDMS and ITO refer to polydimethylsiloxane and indium tin oxide, respectively); a2) active layer formation during solvent evaporation under pressure; and a3) isolated island-type electrode deposition on top of polymer blend fi lm after removing the PDMS stamp. Note that the PEDOT:PSS layer is not indispensable to this processing, as described in the text. b) Roll-to-roll processing for polymer solar cells: b1) schematic of roll-to-roll process for polymer solar cell fabrication; b2) a schematic to depict the squeezed fl ow behavior of solution during the dynamic roll-to-roll process. The thickness of the liquid coating is affected by the concentration of solution, roller pressure, and rolling speed according to the dynamic elastic contact model; [ 30 ] and b3) A photograph of the roll-to-roll apparatus and process (the inset image is the resultant fl exible polymer solar cell before electrode deposition).
www.advmat.de www.MaterialsViews.com COMMUNICATION wileyonlinelibrary.com polymer in a BHJ structure is one of the essentials for achieving improved crystallinity for high-effi ciency solar cells because the improved organization of polymer chains facilitates hole transport, and the long conjugation length enhances the absorption of light, resulting in effi cient exciton generation. [ 18 ] Thus, a conjugate polymer with high crystallinity, such as P3HT, is advantageous. The absorption spectrum of the blend fi lm fabricated by the ESSENCIAL method is compared with that made by the spin-casting method in Figure 2a . To further evaluate the effi ciency of the ESSENCIAL method, samples treated by TA and SAA after spin-casting, which has generally been used to improve the crystallinity of the P3HT, were also examined. A shear stress applied to the polymer solution-which causes organization of the polymer-across the entire depth between two plates is much more effective than that between a plate and an air surface (as, for example, in spin-casting), which decreases continuously from the plate to be zero at the air interface. [ 19 ] Therefore, as expected, enhanced vibronic peaks in the absorbance spectra, as well as a signifi cant red-shift indicating a higher degree of ordering of P3HT chains, [ 20 ] were observed in the ESSENCIAL sample. Additionally, this processing could be completed in just a few seconds, but the enhancement was found to be much higher than that in samples thermally annealed for 20 min and was even comparable to that of the solvent-assisted annealed sample, in which P3HT crystals were slowly grown for 2 h. This property permits the method to be applied to high speed roll-to-roll processing and can produce well-ordered P3HT domains.
In addition to improved polymer crystallinity, the nanodomains of each blend component should be well-connected in order for holes from charge-separated excitons to be effectively transported to the anode, and the electrons to the cathode, through continuous pathways. However, the non-uniform distribution of the donor and acceptor components found in spincasted samples, even after TA or SAA, is not helpful for effective charge transport to the electrodes. [12] [13] [14] [15] This non-uniform distribution of components in the vertical direction is a consequence of the surface energy difference between P3HT (26.9 J m −2 ) and PCBM (37.8 J m −2 ), which pushes P3HT to the low-surfaceenergy air surface to minimize the overall free energy. [13] [14] [15] In contrast, a very uniform vertical distribution is expected for fi lms prepared by the ESSENCIAL process because the gaspermeable silicone fi lm effectively provides a higher surface energy than that of the air surface. The XPS results shown in Figure 2b clearly illustrate these trends. Although the weight ratio of PCBM to P3HT in the blend solution is 1:1, the weight ratio of PCBM to P3HT of thermally and solvent-assisted annealed samples measured at the top surface were 0.411 and 0.488, respectively, which indicates a large accumulation of P3HT at the top. But the ESSENCIAL sample produced a much more balanced value (0.855), which implies a more uniform distribution of components in the vertical direction. In order to confi rm that the uniformly distributed components in the ESSENCIAL-treated sample are truly benefi cial to effective charge transport by providing more continuous pathways through the fi lm, we constructed hole-and electron-only devices in order to evaluate the charge transport properties in the phase-separated blend fi lm. [ 21 , 22 ] The hole-only device was fabricated by replacing LiF with high-work-function molybdenum oxide (MoO 3 ) to block the injection of electrons from the Al cathode; the electron-only device was fabricated using low-workfunction cesium carbonate (Cs 2 CO 3 ) to replace PEDOT:PSS and to block the hole injection from the ITO anode. [ 22 ] Both holeand electron-mobility were calculated using the space-chargelimited-current (SCLC) model at low voltage: [ 23 ] 
where ε o ε r is the permittivity of the component, μ is the carrier mobility, and L is the thickness. As shown Figure 2c1 , the hole-mobility of the thermally annealed sample shows the lowest value ( μ h ≈ 1.57 × 10 −4 cm 2 V −1 s −1 ) due to relatively poor crystallinity of polymers in such samples. In comparison, the hole-mobility of the ESSENCIAL-treated sample ( μ h ≈ 1.15 × 10 −3 cm 2 V −1 s −1 ) was much higher; it was also higher than that of the solvent-assisted annealed sample ( μ h ≈ 3.29 × 10 −4 cm 2 V −1 s −1 ), even though the two types of samples showed similar polymer crystallinity in the absorbance measurement ( Figure 2a ). This means that the uniformly distributed P3HT polymer domains facilitate hole transport, and the most optimized holetransporting pathways were obtained in the ESSENCIAL sample across the entire depth of the device. It is known that the insuffi cient crystallinity of P3HT in the thermally annealed sample is due to the rapidly grown large PCBM crystal domains, [ 24 ] which hamper further crystallization of P3HT. However, in the solvent-assisted annealed sample, the mild growth of PCBM provides suffi cient time for P3HT to be fully crystallized, leading to much more balanced crystalline morphologies of the two domains. [ 25 ] Therefore, contrary to the rapidly grown large aggregation of PCBM which produces poor electron pathways and signifi cantly lower electron-mobility in the thermally annealed sample, the well-balanced PCBM pathway developed in the solvent-assisted annealed sample showed higher electron-mobility ( μ e ≈ 4.95 × 10 −4 cm 2 V −1 s −1 ) as shown in Figure 2c2 .
An interesting effect was observed for various samples after further TA: for the ESSENCIAL sample, the electron-mobility was drastically increased to the highest value (from 3.61 × 10 −7 to 1.46 × 10 −3 cm 2 V −1 s −1 ); however, the solvent-assisted annealed sample treated by further TA showed a reduced electronmobility, similar to that of the thermally annealed sample. We believe that PCBM molecules in the ESSENCIAL sample, which are not well-organized to form effi cient electron pathways before TA, are effectively crystallized, and due to the suppression by the uniformly distributed P3HT polymers, are not overgrown into large aggregates even after thermal treatment. Consequently, well-organized PCBM pathways are formed among P3HT polymers to give optimized interpenetrating structures after thermal treatment. However, in the case of the solvent-assisted annealed sample, non-uniformly accumulated PCBM molecules can easily assemble into large PCBM aggregates due to a weaker suppression effect of the P3HT during TA, which inevitably produces poor electron pathways and result in depletion of PCBM in regions within the network structure. Additionally, the effects of further heat treatment were not signifi cant to the hole-mobilities of the solvent-assisted annealed sample (from 3. 1.15 × 10 −3 to 1.26 × 10 −3 cm 2 V −1 s −1 ) due to suffi ciently crystallized P3HTs obtained under both processing conditions (Figure 2c1 ) . Consequently, the most optimized transport pathways for both charge carriers were achieved in the heat-treated ESSENCIAL sample, and well-balanced mobilities ( μ e / μ h ≈ 1.16) were obtained. Even though the electron-mobilities of the thermally annealed device and the solvent-assisted annealed device with further heat-treatment were not well matched with Figure 3b .
Before advancing towards roll-to-roll fabrication, another remarkable merit of the ESSENCIAL-based device is addressed. PEDOT:PSS is the most widely used buffer layer between an ITO anode and the active organic semiconductor to improve the performances of polymer solar cells. One of the important roles of this PEDOT:PSS layer is to provide effi cient electron blocking [ 28 ] to prevent electron leakage from the BHJ acceptors. [ 29 ] If PEDOT:PSS is not used, our experiments on the annealed devices after spin-casting showed a signifi cant drop in the fi ll factor (e.g., from 65.1% to 54.8%) that results in much reduction in PCE. However, the ESSENCIAL-based devices showed only a small drop in the fi ll factor (e.g., from 69.1% to 67.3%), which results in a negligible effect on the PCE. This effect is consistent with the improved morphology in ESSENCIAL devices (discussed above). In the devices with spin-cast fi lm, large amounts of PCBM are non-uniformly assembled near the ITO anode, thereby inducing electron leakage. However, the uniform distribution of components in ESSENCIAL-based devices drastically reduces these electron leakage pathways. This observation alone is important evidence for the uniform distribution of components in the blend fi lm fabricated by ESSENCIAL. Moreover, avoiding the use of PEDOT:PSS can signifi cantly reduce the processing time, as it eliminates the PEDOT:PSS coating and the baking step to remove residual H 2 O molecules from PEDOT:PSS used in conventional fabrication; this is especially attractive for high-speed roll-to-roll processing.
The advantages of the ESSENCIAL method to induce a superior BHJ morphology in a short processing time pave the way to scalable high-effi ciency polymer solar cell fabrication. Here, we demonstrate fabrication of polymer solar cells using a roll-to-roll apparatus composed of dual rollers and a tensioned belt covered with a gas-permeable silicone fi lm, which enables coating of the polymer blend with a uniform thickness and fast solvent evaporation in a continuous fashion (Figure 1b ) . According to the dynamic elastic contact model developed for roll-to-roll nanoimprinting [ 30 ] (Figure 1b2 ), the thickness of the coated active layer can be controlled by the solution concentration and roller pressure, as for the small-scale ESSENCIAL experiment discussed earlier, and the fi lm uniformity can be preserved by the belt tension during the solvent evaporation process. Figure 1b3 and the inset image show a three-inch-wide uniform BHJ active layer fi lm made of P3HT:PCBM blend on an ITO-coated PET substrate for fl exible solar cells using the continuous roll-to-roll process. After 1 min baking, LiF and Al cathode were deposited, and a PCE (approximately 3.5%) comparable to the smallscale ESSENCIAL experiment was achieved using the roll-toroll process, as shown in Figure 3 .
In conclusion, the novel ESSENCIAL-based technique developed in this work shows a much more optimal BHJ morphology compared with conventional methods. This permits realization of high-effi ciency polymer solar cells using a high-speed roll-toroll process. More importantly, we believe that this new process is equally applicable to BHJ structures using other materials (e.g., the low-bandgap polymer semiconductors that have demonstrated a higher PCE [ 7 ] ), making it a potential manufacturing the SCLC model, the signifi cantly lower expected values (10 −8 to 10 −7 cm 2 V −1 s −1 ) do not affect any conclusions here. The carrier mobilities depending on different processing methods are summarized in Table 1 .
As a last aspect, the domain size in the BHJ structures and their effects on the exciton quenching were investigated using AFM and PL, as shown in Figure 2d ,e . Compared with the nonuniform mixture, in which one phase is dominant at one surface, more uniformly mixed donor and acceptor phases throughout the fi lm are expected to have fi ner interpenetrating nanodomains that are advantageous to effi cient dissociation of photogenerated excitons, and hence result in suppressed PL from the donor polymer. It has been reported that the PL of annealed samples is enhanced as compared with only spin-casted fi lm, because the higher crystallinity induced by annealing gives a relatively poor exciton dissociation due to the reduction of interfacial area between the donor and acceptor domains. [ 26 ] However, the improved charge transport of the annealed samples due to increased crystallinity can offset the poor exciton dissociation effect, still producing high-effi ciency solar cells. [ 27 ] Therefore, the solvent-assisted annealed sample having higher crystallinity than the thermally annealed sample showed well-defi ned domains in AFM phase images, and this improved crystallinity induced the enhancement of PL in Figure 2d . As for the heat-treated ESSENCIAL sample, a fi ner interpenetrating network than the solvent-assisted annealed sample was expected due to the more uniform distribution of the blend, and well-defi ned nanodomains were much more discernible in AFM phase images. These uniformly distributed and fi ne interpenetrating nanodomains not only permit good charge pathways, but also facilitate effi cient exciton dissociation, therefore suppressing the PL from the donor; consequently this gave the lowest PL in Figure 2d .
The device performances, including power conversion efficiency (PCE) and J -V curves measured under AM 1.5 G simulated sunlight (at 100 mW cm −2 intensity), are summarized in Figure 3 . In device fabrication, an isolated island-type metallic cathode was used to exclude the overestimation of the photocurrent, as has commonly occurred in devices using cross-bar-type electrodes. [ 16 , 17 ] In our previous report, the PCE could be overestimated by as much as 30%, and perhaps even more depending on the electrode design and measurement conditions. [ 17 ] Devices fabricated by the ESSENCIAL method followed by baking showed the highest PCE due to the optimized domain morphologies and charge pathways that resulted in both increased short-circuit current and fi ll factor (Figure 3c,d ) . The favorable morphology also led to the lowest series resistance process was performed by squeezing the blend solution between a modifi ed PDMS silicone fi lm that is gas-permeable and solventresistant with minimal deformation [ 31 ] and an ITO substrate coated with PEDOT:PSS. After separating the silicone fi lm, the blend fi lm was baked at 130 °C for 1 min before further electrode deposition. The effects of 1-20 min thermal treatment times on the device performances of the ESSENCIAL-treated samples were consistent. The thickness of the blend fi lm fabricated by the ESSENCIAL method was controlled by changing the concentration of P3HT:PCBM solution (from 0.2 wt%/ 0.2 wt% to 4 wt%/4 wt%) and the applied pressure (from 0.1 to 20 psi), and the solvent evaporation time was changed from tens of minutes to a few seconds, depending on the applied pressure. We did not fi nd any signifi cant differences in the performances of the ESSENCIALbased devices having the same thickness but were fabricated using different conditions such as the concentration of solution, applied pressure, or processing time. Every device fabricated in this work has an approximately 240 nm thick active layer, as measured by a Dektek profi ler. To confi rm the effect of PEDOT:PSS layer on the device performances, O 2 -plasma-treated ITO substrates were also used to substitute the PEDOT:PSS/ITO substrate.
Hole-only devices had the structure: transparent substrate/ITO/ PEDOT:PSS/P3HT:PCBM/MoO 3 /Al. After following the processes mentioned above, deposition of 20 nm of MoO 3 onto the active layer instead of LiF and Al deposition through the shadow mask completed device fabrication. Electron-only devices had the structure: transparent substrate/ITO/Cs 2 CO 3 /P3HT:PCBM/LiF/Al. Cs 2 CO 3 (0.2 wt%), dissolved in 2-ethoxyethanol, was spin-cast on ITO substrate and subsequently baked at 170 °C for 20 min. The remaining procedures, such as active layer deposition and cathode deposition, were chosen according to the type of processing.
technique for mass production of low-cost, high-effi ciency polymer solar cells.
Experimental Section
Device Fabrication : Polymer PV cells had the following planar confi guration: transparent substrate/ITO/PEDOT:PSS/P3HT:PCBM/ LiF/Al. ITO-coated substrates (Delta Technologies, LTD) were cleaned in acetone and then isopropyl alcohol (IPA) under sonication for 20 min and treated by O 2 plasma for 60 s. Cleaned substrates were then transferred to a N 2 -purged glovebox, and the fi ltered PEDOT:PSS (H. C. Starck, Clevios PH 500) was spin-cast onto the ITO electrodes to deposit an approximately 45 nm thick layer, which was subsequently baked at 115 °C for 15 min. For the active layer, P3HT (Rieke Metals Inc., 4002-E, approximately 91% regioregularity) and PCBM (American Dye Source, Purity: >99.5%) were used as received, and blend solutions were prepared by dissolving both components in 1,2-dichlorobenzene at a 1:1 ratio (w/w). The solution was stirred for approximately 12 h in the N 2 -purged glovebox to give a homogeneous blend system and fi ltered using a 0.45 μm fi lter.
The thermally annealed devices were fabricated by spin-casting blend solution onto the PEDOT:PSS layer for 90 s and subsequent annealing at 130 °C for 20 min. After thermal treatment, LiF (1 nm) and Al (80 nm) electrodes were deposited by thermal evaporator at a pressure of 8 × 10 −7 mbar through circularly shaped shadow masks of 3.5 mm diameter. For the solvent-assisted annealed devices, the spincasting time was reduced to 30 s to retain a certain amount of residual solvent in the blend fi lm, and the sample was immediately covered by a glass petri dish to slowly evaporate the solvent for 2 h. The ESSENCIAL Si photodiode reference, and long pass fi lters were used to block transmission of any stray secondary or tertiary diffractions outside of the range of interest. After completing the majority of the work presented in this paper, we found that due to the spectral mismatch of our solar simulator the photocurrents reported in this work were underestimated by approximately 25%. These lower values do not affect any conclusions in this paper; they further demonstrate the effectiveness of the ESSENCIAL fabrication method.
Morphology Characterization : The absorption spectra of polymer blend were measured using a Varian Cary 50 UV/Vis spectrophotometer. The weight ratio of PCBM to P3HT was calculated using Kratos Axis Ultra XPS results. PL spectra were obtained using PTI Quantamaster spectrofl uorometer equipped with an integrating sphere. A Digital Instruments NanoScope IIIa-Phase atomic force microscope was used to obtain the AFM images.
Roll-to-Roll Process for Polymer PV Cells : The modifi ed PDMS silicone sheet fi lm was rolled around a nitrile rubber-coated nylon fabric belt, which was wrapped around two polytetrafl uoroethylene (PTFE) rollers. Liquid-phase blend solution was continuously coated on the ITO substrate between the upper and lower rollers and the solvent evaporated through the gas-permeable silicone fi lm while the roller pressure was applied. Web speed (10-20 mm s ) was controlled by an AC motor controller. Rolling force was measured in real-time by a fl exible force sensor (Tekscan, Inc.) and adjusted by a clamping device. The squeezed fl ow behavior of the solution in the roll-to-roll process follows the dynamic elastic contact model, and the thickness of liquid coating is controlled by the solution concentration, roller pressure, and rolling speed. [ 30 ] The blend-fi lm-coated ITO substrate separates from the silicone fi lm continuously as the web moves forward. After 1 min heating at 130 °C, thermal deposition of LiF and Al completed devices.
